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Performance of Earth Dams During the Lorna Prieta Earthquake 
_eslie F. Harder, Jr. 
3upervising Engineer, California Department of Water Resources 
'SYNOPSIS: The October 17, 1989 Lorna Prieta Earthquake shook a large number of earth and rockfill 
darns. There were actually more than 100 darns within 50 miles of the fault rupture associated with 
this event. Although more than half of these embankments were less than 60 feet in height, a number 
of major darns were strongly shaken. In general, the darns performed satisfactory with one major darn 
and one minor darn developing moderate damage. A small number also developed minor to moderate 
cracking which required repairs. The great majority, however, sustained no significant damage. 
Although this result is quite encouraging, this thought should be tempered by the fact that the 
reservoirs in many of these darns were quite low at the time of the earthquake. Thus, the 1989 Lorna 
Prieta Earthquake was not the full test of these structures. 
INTRODUCTION 
The Lorna Prieta Earthquake of October 17, 1989 
resulted from a rupture of a segment of the San 
Andreas Fault near Santa Cruz, California. The 
rupture was initiated about 15 seconds past 5:04 
p.m. local time and at a depth of approximately 
11. 5 miles. During the next 7 to 10 seconds, 
the rupture proceeded about 12 miles to the 
northwest and about 12 miles to the southeast. 
The fault also ruptured upward, but apparently 
stopped about 3 to 4 miles below the ground 
surface. Fault plane solutions for the numerous 
aftershocks indicated that the fault in the 
vicinity of this rupture dips to the southwest 
at an angle of approximately 70 degrees. 
This rupture produced an earthquake with a 
Richter Magnitude ML of 7. o (assessed by the 
Seismographic Station at the University of 
California, Berkeley) and a surface wave 
magnitude M5 7.1 (assessed by the U. s. Geological survey). It represented the largest 
earthquake in the San FrancisojSanta Cruz area 
since the great 1906 san Francisco Earthquake of 
rnagni tude 8+. The 1989 fault rupture occurred 
along a portion of the San Andreas Fault segment 
which ruptured during the 1906 earthquake. 
The duration of strong shaking for this 
earthquake was generally between 7 and 10 
seconds, considerably less than that usually 
associated with a magnitude 7 event. It has 
been speculated that this short duration was a 
result of the central location of the 
earthquake's focal point and its bi-directional 
rupture pattern (see Seed et al., 1990). The 
highest horizonal acceleration recorded was 
o.64g and was measured at the Corralitos station 
located adjacent to the surface expression of 
the fault and only a few miles from the 
epicenter. Seismographs in the epicentral area 
also recorded relatively high vertical 
accelerations that were comparable to those 
recorded in the horizontal direction. At the 
Capitola recording station, the peak vertical 
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acceleration was 0.60g whereas 
horizontal acceleration was 0.54g. 
CHARACTERISTICS OF AFFECTED EARTH DAMS 
the peak 
Presented in Figure 1 is a plot showing the 
epicenter and fault rupture associated with the 
1989 Lorna Prieta Earthquake. Also shown in this 
figure are the locations of 111 earth dams found 
within 50 miles of the fault rupture. The 
majority of these darns are essentially 
homogeneous earth darns. The heights and 
completion dates for these dams are presented in 
Tables 1 and 2. 
Table 1: Maximum Heights of Affected Earth Darns 
Maximum Height (feet) I Number of Dams 
l < 10 I 1 
11 - 20 I 7 
i 21 - 40 I 31 
I 41 -
I 
60 I 24 
61 - 80 I 16 : 
i 81 - 100 I 8 
101 - 150 I 14 
151 - 200 I 5 
201 - 250 I 4 
251 - 300 I 0 
301 
-
350 I 1 I 
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Figure 1: Locations o f Earth and Rockfill Dams Within 50 miles of the Fault Rupture Associated with the 1989 Loma Prieta Earthquake 
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Table 2: Dates of Completion for Affected 
Earth Dams 
Completion Dates I Number of Dams 
1861 - 1906 I 21 
1906 - 1920 I 2 
1921 - 1930 I 9 
1931 - 1940 I 14 
1941 - 1950 I 10 
1951 - 1960 I 23 
1961 - 1970 I 27 
1971 - 1980 I 4 
1981 - 1989 I 1 
TOTAL 111 dams 
Table 3 presents a listing of the number of dams 
subjected to various levels of ground shaking 
during the 1989 Lorna Prieta earthquake. The 
estimates of peak ground acceleration, PGA, were 
developed by interpolating between values 
measured at nearby seismographic stations. 
Table 3: Estimates of Peak Ground Accelerations 
for Affected Earth Dams 
Estimated Peak Ground I Number of Dams 
Acceleration, PGA (g) 
0.05 - 0.10 I 34 
0.11 - 0.20 I 41 ' 
0.21 - 0.30 I 10 
0.31 
-
0.40 I 11 
0.41 - 0.50 I 14 
0.51 - 0.60 I 1 
TOTAL 111 dams 
Many of the reservoirs being retained by earth 
dams in the affected area were relatively low 
with many at less than half their normal 
heights. Some reservoirs were essentially 
empty. The reason for this is that the 1989 
Lorna Prieta Earthquake occurred immediately 
after the irrigation season following three 
years of lower than average rainfall. 
Pre-1906 Earth Dams 
None of the 21 dams built prior to the 1906 
earthquake experienced significant damage 
following the 1989 Lorna Prieta event. This is 
not unexpected as these dams generally performed 
satisfactorily during the 1906 earthquake. 
Because the 1906 earthquake involved a much 
greater fault rupture and release of energy, all 
of these older dams had been subjected to much 
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greater amplitudes and durations 




In their examination of the performance of earth 
dams during earthquakes, Seed et al. (1978) 
attributed the good performance of these older 
dams during the 1906 earthquake to the fact that 
they were constructed mostly of clayey soils and 
built on either clayey or rock foundations. 
Such materials are not generally thought to lose 
most of their strengths during strong shaking. 
Two of these older dams, University Mound N. 
Basin and Piedmont Dams, were built primarily of 
sandy soils but were not thought to have been 
saturated at the time of the 1906 earthquake. 
These two dams were located more than 45 miles 
from the fault rupture associated with the 1989 
Lorna Prieta earthquake and experienced peak 
ground accelerations of only about O.lg. 
Hydraulic Fill Dams 
There were 5 hydraulic fill dams within 50 miles 




















Chabot Dam was one of the predominantly clayey 
dams which performed well during the 1906 
earthquake. This dam was located about 37 miles 
from the fault rupture associated with the 1989 
Lorna Prieta earthquake and experienced a peak 
ground acceleration of about 0. lg without 
sustaining significant damage. 
The Old Upper San Leandro Dam was replaced in 
1977 with a new dam immediately downstream of 
the previous one. Both structures were located 
about 41 miles from the fault rupture associated 
with the 1989 Lorna Prieta Earthquake and 
experienced peak ground accelerations of about 
O.lg without sustaining significant damage. 
The performance of the Calaveras, Mill Creek, 
and Hawkins Dams will be discussed in subsequent 
sections. 
Rockfill Dams 
There were no dams composed completely of 
rockfill within 50 miles of the fault rupture 
associated with the 1989 Lorna Prieta Earthquake. 
However, many earth dams in this area were built 
with substantial zones of rockfill. Even 
Calaveras Dam, known as a hydraulic fill, was 
completed with substantial zones of rockfill. 
The performance of some prominent dams built 
with zones of rockfill will be discussed in 
later sections. 
SELECTED CASE HISTORIES OF PERFORMANCE 
To provide more information regarding the 
performance of earth dams following the Lorna 
Prieta Earthquake, Table 4 was prepared to 
Table 4: Summary of Performance for Selected Case Histories During the 1989 Lorna Prieta Earthquak• 
DAM I TYPE I DATE OF I MAX. HEIGHT I APPROX. SOJRCE I ESTIMATED I DAMAGE I I COMPLETI()jj I (feet) I DISTANCE (miles) I PGA (g) I 
AUSTRIAN I ERTH I 1950 I 185 I < 1 I 0.55 - 0.6 I MODERATE SETTLEMENT, TRANSVERSE AND L()jjGITUDINAL CRACKING, SPILLWAY DAMAG 
COWELL I ERTH I 1890 I 50 I 11. I 0.45 - 0.5 I NO REPORTED DAMAGE, RESERVOIR ENPTY 
BAY STREET I ERTH I 1924 I 27 I 10. I 0.45 - 0.5 I NINOR SURFICIAL CRACKING Qlj CREST 
DEBELL I ERTH I 1952 I 53 I 4.5 I 0.45 • 0.5 I NO REPORTED DAMAGE 
LEXINGT()jj I ERTH I 1953 I 205 I 2. I 0.45 I MODERATE L()jjGITUDINAL AND TRANSVERSE CRACKING, 0.9 FEET OF SETTLEMENT 
LOWER HOWELL I ERTH I 1877 I 39 I 1.5 I 0.4 - 0.45 I 1/4 - INCH L()jjGITUDINAL CRACK Qlj CREST 
UPPER HOWELL I ERTH I 1878 I 36 I 1.5 I 0.4 • 0.45 I NO REPORTED DAMAGE 
ALMADEN I ERTH I 1936 I 110 I 6. I 0.4 • 0.45 I NINOR L()jjGITUDINAL CRACK AT JUNCT!Qij OF DAM CREST AND U/S C()jjCRETE FACING 
UVAS I ERTH I 1957 I 118 I 5.5 I 0.4 • 0.45 I NO REPORTED DAMAGE 
R SJN()jjl IRRIGAT!Qij I ERTH I 1961 I 44 I 6. I 0.4 - 0.45 I NO REPORTED DAMAGE, RESERVOIR VIRTUALLY EMPTY 
GUADALUPE I ERTH I 1935 I 142 I 6. I 0.4 0.45 I MODERATE CRACKING AT TOP OF U/S BERM, SPALLING OF U/S C()jjCRETE PANELS 
LAKE RANCH I ERTH I 1877 I 38 I 4. I 0.4 - 0.45 I 2 EMBANKMENTS WITH MINOR L()jjGITUOINAL AND TRANSVERSE CRACKING 
NEWELL I ERRK I 1960 I 182 I 6. I 0.4 - 0.45 I 1 TO 9-INCH WIDE L()jjGITUDINAL CRACKS IN UPPER U/S SLOPE, INCREASED SEEPAGE 
ALMADEN VALLEY I ERTH I 1965 I 38 I 7. I 0.4 - 0.45 I NO REPORTED DAMAGE 
ELMER J. CHESBRO I ERTH I 1955 I 95 I 8. I 0.4 - 0.45 I MODERATE L()jjGITUDI NAL CREST CRACK! NG, MINOR TRANSVERSE CRACKING AT ABUTMEN. 
CALERO I ERTH I 1935 I 90 I 8. I 0.35 - 0.4 I NO REPORTED DAMAGE 
VASONA PERCOLATION I ERTH I 1935 I 34 I 5.5 I 0.35 - 0.4 I MINOR LONGITUDINAL CREST CRACKING, MINOR TRANSVERSE CRACKING NEAR SPILLWAY 
SELVAGE NO. 2 I ERTH I 1948 I 42 I 7. I 0.35 - 0.4 I NO REPORTED DAMAGE 
RINC()jjAOA I ERTH I 1969 I 40 I 6. I 0.35 - 0.4 I 4 TEARS IN RUBBER LINER SEAMS, CRACKED C()jjCRETE INTAKE VAULT 
VESSEY I ERTH I 1945 I 20 I 13. I 0.3 - 0.35 I NINOR L()jjGITUDINAL CRACKING Qlj CREST, RESERVOIR EMPTY 
OAK SITE I ERTH I 1969 I 43 I 9.5 I 0.3 • 0.35 I NO REPORTED DAMAGE 
SODA LAKE I ERTH I 1978 I 35 I 5.5 I 0.3 - 0.35 I 4 TAILINGS DAMS - LIQUEFACTJ()jj OF TAILINGS, SLUMPING OF 10·FT WEST DAM 
NILL CREEK I HYDF I 1889 I 76 I 12. I 0.25 • 0.3 I MINOR L()jjGITUDINAL CRACKS Qlj CREST 
SEMPERVI RENS I ERTH I 1951 I 42 I 12. I 0.25 - 0.3 I NO REPORTED DAMAGE 
HOLLISTER IN PO I ERTH I 1972 I 13 I 16. I 0.25 • 0.3 I MODERATE CRACKING, RESERVOIR EMPTY 
SAN JUSTO I ERRK I 1986 I 135 I 17. I 0.26 I NO REPORTED DAMAGE 
LEROY ANDERS()jj I ERRK I 1950 I 235 I 13. I 0.26 I MINOR L()jjGITUOINAL CRACKING Qlj NEW CREST FILL ; 
HAWKINS I HYDF I 1931 I 72 I 21. I 0.2 - 0.25 I MINOR LONGITUDINAL CRACKS Qlj CREST AND U/S SLOPE, RESERVOIR EMPTY 
PEABODY I ERTH I 1950 I 63 I 12. I 0.2 - 0.25 I NO REPORTED DAMAGE 
COYOTE I ERRK I 1936 I 140 I 14. I 0.19 I NO SIGNIFICANT DAMAGE 
KELLY CABIN CANYON I ERTH I 1955 I 32 I 18. I 0.15 - 0.2 I NO REPORTED DAMAGE 
COlT I ERTH I 1956 I 54 I 19. I 0.15 - 0.2 I NO REPORTED DAMAGE 
LAUREL SPRING CLUB I ERTH I 1968 I 28 I 20. I 0.15 - 0.2 I NO REPORTED DAMAGE 
MURRY I ERTH I 1957 I 54 I 22. I 0.1 • 0.15 I NO REPORTED DAMAGE 
NORTH FORK I ERTH I 1939 I 100 I 23. I 0.1 • 0.15 I NO REPORTED DAMAGE, RESERVOIR VIRTUALLY EMPTY 
NOTES: ERTH = EARTH, ERRK • EARTH AND ROCKFILL, HYDF = HYDRAULIC FILL 
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summarize the characteristics of 35 dams located 
relatively close to the fault rupture. The 
locations of these dams are shown in Figure 2. 
Additional details for selected dams are 
presented in the following sections. 
Austrian Dam 
Austrian Dam was the earth dam most heavily 
damaged by the 1989 Lorna Prieta Earthquake. 
This dam is located directly above the fault 
rupture and about 7 miles from the epicenter 
(see Figure 2). Because of its proximity to the 
earthquake, it is also thought to have been the 
dam to have experienced the largest shaking with 
peak ground accelerations estimated to be 
between 0.55g and 0.6g. 
Fortunately, at the time of the earthquake, the 
reservoir elevation was about 100 feet below the 
dam crest. The damage sustained by the 
embankment included moderate settlement, 
downstream movement, moderate longitudinal and 
transverse cracking (see Figure 3) . The 
concrete spillway on the right abutment was also 
damaged. Details of the investigations and 










0 5 10 miles 
Wahler Associates (1990). Previous summaries of 
damage were presented by Bureau et al. ( 1989) , 
Rodda et al. (1990) and Seed et al. (1990). 
Austrian Dam is a 185-foot high dam that was 
completed in 1950. The embankment was built by 
selective borrowing in an attempt to create a 
more impervious upstream zone in comparison to 
the downstream half of the embankment. Gravel 
blanket drains were also placed beneath the 
downstream "pervious" zone. Figure 4 presents a 
a view of the maximum cross section, together 
with the approximate reservoir and piezometer 
levels on the day of the earthquake. Previous 
studies and the piezometer readings indicate 
that there is not an appreciable difference 
between the upstream "impervious" and downstream 
"pervious" zones and that the gravel drains are 
not completely effective in relieving downstream 
seepage pressures. Previous studies also 
indicated that the fill is generally a clayey, 
sandy gravel with a liquid limit of about 31 and 
an average plasticity index of about 13. The 
average relative compaction (20,000 foot-pounds 
per cubic foot compactive effort) of the fill 










e CHESBRO • COYOTE 
e KELLY CABIN 
CANYON 
eR. SIMONI IRR 
eUVAS 











• .SAN JUSTO 





~ AREA OF LONGilUO INAL CRACkiNG 
• 
AREA or rRANS\IE~SC 
ANO OBt.IOU[ CRAf"PriNG 











0 XI 10•1 ISO Z
OO I•• I 
SCAI r ---...-------
-
Figure ,, Plan of Austria
n Dam Illustrating Crack L















1200 SECTION A-A 1200 
900 
Figure 4: Maximum Cross section of Austrian Dam (adapted from Wahler Associates, 1990) 
Figures 5 and 6 present horizontal and vertical 
movements for crest monuments measured just 
prior and after the 1989 Lorna Prieta Earthquake. 
These measurements indicated that the dam 
settled as much as 2. 5 feet for most of its 
length. In addition, the right end of the 
embankment moved more than a foot downstream 
whereas the left end moved about half a foot 
upstream. 
The settlements and lateral movements led to the 
creation of longitudinal cracks just below the 
crest on both slopes. The initial widths of the 
cracks were relatively small when first observed 
a few days after the earthquake, but ultimately 
widened within a few weeks to as much as 1 foot in places. Exploration trenches indicated that 
these longitudinal cracks extended as much as 14 feet in depth and that they generally dipped 
steeply toward the dam crest on both embankment 
slopes (Wahler Associates, 1990). 
At both abutment contacts, transverse cracks 
were also observed in the fill near the crest, generally ranging between 1 and 9 inches in 
width together with several inches of vertical 
offset. At the contact between the embankment 
and the spillway, a separation of about 10 inches was found between the fill and the 
spillway walls. A significant amount of generally transverse cracking was also found in 
the spillway approach channel. Further 
upstream, a linear zone of fissures was also 
found, possibly a result of local slumping in 
relatively loose surficial fill material (Wahler Associates, 1990). 
Cracks were also observed in the slope above the 
spillway on the right abutment. These cracks had vertical and horizontal displacements of up 
to 3 feet and were coincident with topographic 
features associated with landsliding. 
Exploration trenches showed that these cracks 
split bedrock materials and indicated that 
fissures existed prior to the earthquake. 
Transverse cracking was also found along the 
access road on the left abutment (Wahler 
Associates, 1990). 
The concrete spillway was extensively damaged 
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Figure 5: Horizontal Movements of Crest 
Monuments at Austrian Dam (from Seed et al., 1990) 
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Figure 6: Vertical Movements of Crest 
Monuments at Austrian Dam (from Seed et al., 1990) 
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foundation. Several of the concrete cutoff 
collars along the outside of the left spillway 
wall were sheared off and separations of up to 1 
inch were observed between the bottom of the 
spillway slab and its bedrock foundation. It 
was inferred by the investigators that the 
spillway experienced both upstream and 
downstream movements as well as lateral rocking 
of the spillway walls. In addition to the 
sheared collars, damage to the spillway 
consisted of extensive cracking of the spillway 
walls and slab with crack widths of up to 3/4 of 
an inch (Wahler Associates, 1990). 
The movements of the embankment were concluded 
to be due to general settlement and spreading of 
the fill during the large earthquake shaking, 
followed by subsequent downslope creep. Figure 
7 presents piezometer measurements made for 5 
standpipe piezometers installed prior to the 
earthquake. These instruments recorded pore 
pressure increases ranging between 12 and 54 
feet of water. Possibly related to the pore 
pressure increases is the fact that some of the 
trenches excavated across the longitudinal 
cracks near the crest encountered free water at 
elevations considerably above reservoir levels 
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Figure 7: Piezometer Measurements for Pre-
Earthquake Piezometers at Austrian 
Dam (from Wahler Associates, 1990). 
The largest pore pressure increase, 54 feet of 
water, occurred in Piezometer P-1 with a tip 
located within the downstream "pervious" zone 
near the bedrock contact. The standpipe for 
this instrument was found to be significantly 
deformed between Elevations 955 and 960 (about 
25 to 30 feet above the bedrock contact). The 
standpipe for Piezometer P-6, which measured an 
increase in hydraulic head of about 49 feet of 
water, was also found to be deformed between 
Elevations 1017 and 1041 feet (about mid-height 
of the embankment) . These deformations were 
suggestive of earthquake-induced internal 
movements corresponding to lateral spreading of 
the embankment. 
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The major portions of the repair for t 
earthquake damage consisted of: 
1. Excavating and recompacting the fill in th 
areas of extensive cracking. 
2. Placing a zoned fill with chimney and 
blanket drains in the crest fill at both 
embankment ends. 
3. Excavating and recompacting the upstream 
face of the fill to create an impervious 
blanket. 
4. Epoxy grouting the cracking in the spillwa} 
and cement grouting voids beneath the 
spillway slabs. 
5. Grouting of the rock at the left abutment 
contact with the fill. 
This repair was accomplished within a wee~ 
following the earthquake. Details of the repai 
can be found in the study by Wahler Associate 
(1990). A new spillway is expected to be buil 
within the next few years. 
Lexington Dam 
Lexington Dam is a 205-foot-high dam locate 
about 6 miles downstream of Austrian Dam an 
about 2 miles from the fault rupture associate 
with the 1989 Lema Prieta Earthquake (see Figur 
2) . The dam was completed in 1953 as a zone 
earth structure having a relatively thick sand 
and gravelly clay core that is supported b 
upstream and downstream random shell zones o 
clayey sands and silts. The dam also ha 
relatively flat upstream (5.5:1) and downstrea 
(3:1) slopes. A plan view and cross section ar 
shown in Figure a. At the time of th 
earthquake, the reservoir was about 100 fee 
below the crest of the dam. Previous summarie 
of damage were presented by Bureau et al 
(1989), Seed et al. (1990), and in the studie 
by R. L. Volpe and Associates (1990a). 
Strong motion instruments on the left abutmen 
and two locations on the crest measure· 
transverse peak accelerations of 0.45g, o. 39g 
and 0. 45g, respectively. This strong shakin• 
was composed of about 6 to 7 seconds o 
relatively strong long period motion. Thi 
shaking induced up to o. 85 feet of settlemen 
and 0. 25 feet of lateral displacement in th' 
downstream direction (R. L. Volpe an• 
Associates, 1990a). A old slope indicate 
casing was found to have raised from beneath th' 
crest to over 3 inches above the crest. 
The earthquake also caused transverse crackin• 
on both the upstream and downstream sides o • 
both abutments, oblique cracking on the cres: 
about 150 feet in from the left abutment, 
longitudinal cracking on both the upstream an. 
downstream slopes of the dam, and cracking of a, 
access road on the right abutment upstream oi 
the dam. The cracks were commonly less than 3/1 
of an inch and trenching indicated that the} 
extended to depths generally between 2 and -, 
feet (R. L. Volpe and Associates, 1990a). 
About six weeks after the earthquake, a 
relatively large seepage area developed on th~ 
downstream face of the dam. The seepage area 
was about 170 feet long and 35 feet wide and 
oriented at an oblique angle with the axis of 
the dam. This seepage area was really more of a 
wet or damp area and never really flowed water. 
Although the cause of the seepage area is not 
definitively' known, one explanation that has 
been offered is the fact that old exploration 
holes extending into the rock foundation lie 
within the area and that these old borings could 
be acting as relief wells for the bedrock (R. L. 
Volpe and Associates, 1990a). 
. 
~ LEXINGTON DAM 
-·-·--~~ 
UPSTRZAM TOE 
(a) Plan View 
200 PT 
LEXINGTON DAM 
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Figure 8: Plan View and Cross Section of 
Lexington Dam (from Seed et al, 1990) 
The repairs made to the dam consisted of 
trenching the cracking on the dam to depths 
ranging between 3 and 7 feet and compacting the 
excavated soil back into the trenches (R. L. 
Volpe and Associates, 1990b). 
Guadalupe Dam 
Guadalupe Dam is a 142-foot dam located about 6 
miles from the fault rupture associated with the 
1989 Loma Prieta Earthquake and it probably 
experienced peak ground accelerations between 
o.4g and 0.45g (see Figure 2). The dam was 
completed in 1935 as a rolled earth structure 
with an upstream facing of concrete panels. As 
for Austrian Dam, the embankment is apparently 
nearly homogeneous as the selective borrowing to 
create upstream "impervious" and downstream 
"pervious" zones did not appear to be completely 
successful in creating distinctly different 
zones. In 1972, an upstream buttress was added 
to the dam to improve stability. A plan view 
and cross section are shown in Figure 9. At the 
time of the earthquake, the reservoir was about 
78 feet below the crest of the dam. Previous 
summaries of damage were presented by Bureau et 
al. (1989), seed et al. (1990), and in the 
studies by R. L. Volpe and Associates (1990a) . 
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(b) Maximum Cross Section 
Figure 9: Plan View and Cross Section of 
Guadalupe Dam (from Seed et al, 1990) 
This earthquake induced up to 0.64 feet of 
settlement and 0.15 feet of lateral displacement 
in the upstream direction. Minor transverse 
cracking developed at the crest at both abutment 
contacts along with minor longitudinal cracking 
on the crest. The principal damage was to the 
upstream slope where the upper portion of the 
buttress fill developed longitudinal cracking. 
These cracks were initially observed to have a 
maximum width of less than 1 inch and extended 
across the entire face of the dam. About five 
weeks later, the cracks had widened to about 4 
inches (R. L. Volpe and Associates, 1990a). 
These cracks may have been caused by 
concentrations of dynamic stresses induced by 
the change in geometry. Alternatively, they may 
have resulted from possible past settlements 
caused by the placement of the berm. These past 
settlements may have created preexisting cracks 
which surfaced only after the development of 
strong ground motion. 
The earthquake also caused the concrete panels 
on the upstream face above the berm to pound 
against each other, resulting in cracking and 
spalling in about 10 percent of the panels (R. 
L. Volpe and Associates, 1990a). 
The repairs made to the dam consisted 
principally of excavating a 70-foot band of 
material at the top of the upstream buttress to 
a depth of about 6 feet. The excavated material 
was then recompacted into place. The cracks in 
the crest at the abutment contact were excavated 
to about 3 to 4 feet and the material 
recompacted back into place (R. L. Volpe and 
Associates, 1990b). 
Newell Dam 
Newell Dam is a 182-foot dam located about 6 
miles from the fault rupture associated with the 
1989 Lorna Prieta Earthquake and it probably 
experienced peak ground accelerations between 
0.4g and 0.45g (see Figure 2). The dam was 
completed in 1960 as a zoned earth and rockfill 
dam generally composed of clayey zones except 
for an upstream zone of dirty rockfill. At the 
time of the earthquake, the reservoir was about 
49 feet below the crest of the dam. Previous 
summaries of damage were presented by Bureau et 
al. (1989), Seed et al. (1990), and by Creegan 
(1990). 
Although the Lorna Prieta Earthquake did not 
induce significant crest movements, a 
longitudinal crack was found on the 3:1 upstream 
slope running the entire width of the dam face 
at about spillway level. This crack was 
generally between 1 and 9 inches in width. 
Trenching explorations of the crack indicated 
that it was formed by tension within the Zone 2 
rockfill. The trenches, however, only extended 
to a maximum 10-foot depth and the crack, which 
was about 1 inch in width at the bottom of the 
trenches, continued to extend further to greater 
depths. There were also other minor cracks at 
various locations. Seepage through the dam and 
abutments, measured at the downstream toe, was 
also found to have increased form a normal 8 gpm 
to 41 gpm, but remained clear (Creegan, 1990). 
By early December 1989, the seepage had 
decreased back down to about 17 gpm. 
The development of the longitudinal cracking was 
theorized to result from settlement of the dirty 
rockfill upstream shell relative to the rest of 
the dam. This material consisted of quarried 
sandstone and shale and was placed in 5-foot 
lifts and compacted by sluicing. The other 
clayey zones were placed in thin lifts and 
compacted to about 100 percent Standard Proctor. 
Consequently, the upstream rockfill zone was 
relatively loose in comparison with the other 
zones in the embankment. There was some 
indications that some of the cracking ran along 
the interface of the Zone 2 rockf ill and the 
clayey core. Further evidence of settlement of 
the Zone 2 material was found at the bell toggle 
joints along the sloping intake tower where the 
embankment seemed to have pulled away from the 
structure by about 1 to 3 inches in a downstream 
direction (Creegan, 1990) • 
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The repair of the longitudinal cracks consiste 
of using a large backhoe to excavate to a dept 
of about 6 feet along the alignment of th 
crack. The trench was then backfilled in 18 
inch lifts and each lift was compacted with 
vibrating shoe on the backhoe. The upstrea. 
slope was then rolled with a vibratory rolle 
(Creegan, 1990). 
Elmer J. Chesbro Dam 
The Elmer J. Chesbro Dam is a 95-foot hig_ 
embankment located about 8 miles from the faul 
rupture associated with the 1989 Lorna Priet. 
Earthquake and it probably experienced pea_ 
ground accelerations between 0.4g and 0.45g (se. 
Figure 2). As for many of the embankment dam" 
in this area, the embankment is a nearl 
homogeneous compacted fill as selectiv 
borrowing to create upstream "impervious" anr 
downstream "pervious" zones did not appear to b• 
completely successful in creating distinctl~ 
different materials. The upstream slope varie= 
between 2: 1 and 3: 1. The downstream slope i= 
about 2:1, but is fitted with a 45-foot-wid• 
berm at about half the height of the dam. A 
the time of the earthquake, the reservoir wa= 
about 69 feet below the crest of the dam. 
Previous summaries of damage were presented b} 
Bureau et al. (1989), Seed et al. (1990), and ir 
the studies by R. L. Volpe and Associate~ 
(1990a). 
Surveys of crest monuments showed that the Lorn~ 
Prieta earthquake induced up to 0. 37 feet ot 
settlement and 0.05 feet of lateral displacement 
in the upstream direction. The main area of 
cracking that developed at this dam occurred a~ 
longitudinal cracking near the upstream edge of 
the crest. This cracking extended about 24C 
feet and had a 4-inch width together with a 4-
inch vertical offset, with the upstream side of 
the crack being on the down side. There wa~ 
also minor transverse cracking on the right 
abutment at both the crest area and and near the 
spillway entrance (R. L. Volpe and Associates, 
1990a). 
Trenching explorations indicated that the 
longitudinal cracking on the upstream edge of 
the dam extended to a maximum depth of about 8 
feet and was related to settlement of an 
upstream slope protection zone. The transverse 
cracking on the crest at the right abutment was 
estimated to have a maximum depth of 4. 5 feet 
(R. L. Volpe and Associates, 1990a). 
The repairs to Elmer J. Chesbro Dam consisted of 
excavating the upper 10 to 12 feet of the 
upstream slope, and replacing this material 
with compacted, imported materials. The 
cracking on the right abutment was repaired by 
trenching to a depth of about 5 feet and 
recompacting the excavated material back into 
place (R. L. Volpe and Associates, 1990b). 
Vasona Percolation Dam 
The Vasona Percolation Dam is a 34-foot-high 
embankment located about 5.5 miles from the 
fault rupture associated with the 1989 Lorna 
Prieta Earthquake and it probably experienced 
peak ground accelerations between 0.35g and 0.4g 
(see Figure 2). The dam is composed of two 
embankments flanking a central concrete 
spillway. The two embankments were completed in 
1935 and contain an upstream zone of rolled 
"fine" material together with downstream zones 
of coarse and random materials. Beneath the 
upstream 11 fine" material there is a puddled clay 
cutoff trench which extends 25 feet to an 
impervious foundation material. At the time of 
the.earthquake, the reservoir was about 12 feet 
below the dam crest (R. L. Volpe and Associates , 
1990a). 
The dam developed maximum settlements of about 
0 . 16 feet and about 0.09 feet of lateral 
movement in the downstream direction (R. L. 
Volpe and Associates, 1990a). The major damage 
consisted of longitudinal cracking along the 
crest of the right embanlonent. This cracking 
was intermittent, but extended along the entire 
length of the embankment . These cracks were up 
to 3/4 of an inch i.n width and trenching 
indicated a maximum depth of about 5. 5 feet. 
There was also limited longitudinal cracking on 
the crest of the left crest embankment , 
generally between 1/8 to l/2 inches in width. 
Minor transverse cracking, generally less than 
1/8 of an inch in width. was found along the 
spillway contact fro:m the crest centerline to 
the downstream toe. Cracking was also noted 
along the spillway wingwall at the downstream 
toe of the dam and along the parapet wall along 
the crest of the dam . 
Longitudinal cracking had previously been noted 
following the August 8, 1989 earthquake (M=5.1), 
now considered a possible foreshock of the 
October 17, 1989 Lorna Prieta Earthquake. In 
some locations, the longitudinal cracks observed 
following the Lorna Prieta earthquake were in the 
same locations as those from the earlier 
earthquake. 
The repair pri ncipally consis ted of removing the 
upper 4. 2 feet of the right embankment and 
recompacting the material back into place (R. L . 
Volpe and Associates, 1990b). 
Soda Lake Dam 
Soda Lake Darn consists of four embankments that 
are used to retain granite tailings from a 
nearby quarrying operation. The dam had been 
enlarged in 1978 to give a maximum height of 35 
feet for the main or south embankment. The dam 
was located approxilnatley 5. 5 miles from the 
fault rupture associated with the 1989 Lorna 
Prieta Earthquake and it probably e>-"Perienced 
peals ground accelerations between 0.3g and 0.35g 
(see Figure 2). Although the reservoir was 
nominally empty at the time of the earthquake, 
most of the reservoir area had been filled with 
granite tailings. 
Although the reservoir may have been considered 
empty, portions of the granite tailings were 
undoubtedly saturated as they evidently 
liquefied in several places. Evidence of 
liquefaction was in the form of numerous sand 
boils developed within the reservoir deposits 
and the fact that the reservoir sediments 
settled about 2 to 3 feet relative to the 
elllbanlt.lllents and reservoir rim. One 
reconnaisance team found the sand boils still 
ejecting water and sand 72 hours following the 
main shock of the Lema Prieta earthquake. 
No damage was found at the North, south, or East 
embankments. However, the 10-foot-high West 
Saddle Dam was found to have an extensive 
pattern of cracking at and below the crest. As 
shown in Figure 10, the cracking was in the 
pattern of an arc and seemed to identify a wedge 
of material that had developed into a minor 
slump towards the reservoir. These cracks had 
typical widths of about 1 to 4 inches and could 
be probed to depths of at least 6 feet. The 
cracks also had vertical offsets of about 1 inc h 
with the reservoir side of the crack being lower 
than the downstream side. 
[ ARl..OU·Kt-lftOUCCD CAACKS 
IN DAM FILL 
Figure 10: 
SCAL£ o.__ __ ~.._ _ __,'oo tu t 
Plan view of the soda Lake west 
Saddle Dam Showing Earthquake-
Induced Cracking 
The cause of the cracking andjor slumping of the 
West Saddle Darn was theorized by engineers 
within the California Division of Safety of 
Dams to be a result of have having lett 
liquefiable tailings deposits in the foundation 
beneath this embankment during its construction 
in 197 8. As shown in Figure 11, prior to 
construction of the west Saddle Dam, pre-
existing tailings extended from the reservo ir to 
about the centerline of the dam to be built. 
These tailings were supposed to have been 
removed. However, if they were not completely 
removed, then liquefaction of tailings remn~nts 
within the foundation might explain the cracking 
and movements observed following the earthquake. 
Supporting this theory is the fact that the 
shape and location of the cracked wedge appears 
to match the contour of the limits of pre-






cross section of the Soda Lake West 
Saddle Dam 
As a result of the crac!singjslumping in the west 
Saddle Dam, the dam is not considered safe to 
store water and the owner, for the time being, 
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is plannLng to take the dam and reservoir out of 
service. 
Mill Creek Dam 
Mill Creek Dam is a 76-foot-high dam with a 
complicated history. It was origmally built in 
1889 as a timber crib dam with a substantial 
hydraulic fill zone placed upstream of the 
timber crib portion. There is apparently no 
information available concerning its status and 
performance following the 1906 earthquake. In 
1932, additional fill was placed upstream to 
give the upstream face a 3:1 slope. In 194 7, 
part of the timber crib dam burned. Part of the 
burned timber crib zone was re111oved leaving a 
downstream slope of about 1:1 . In 1957, a large 
sinkhole formed in the upstream face above 
corroded sections of the original 1 4 - i nch outlet 
pipe. The repair for the sinkhole consisted of 
excavating a large triangular trench to remove 
portions of the corroded pipe and then 
recompacting the excavated materials back into 
the trench . A new outlet consisting of a 12-
inch pipe was a~so installed at this time. 
Figures 12 and 13 present sections illustrating 









Figure 12: Cross Section of Mill Creek Dam 
(adapted from Dames and Moore, 1987) 
Figure 13: Longitudinal Section of Mill Creek 
Dam (adapted from Dames and Moore, 
1987) 
Mill Creek Dam is located approximately 12 miles 
from the fault rupture associated with the 1989 
Lorna Prieta Earthquake and it probably 
experienced peak ground accelerations between 
0.25g a nd 0.3g (see Figure 2). At the time of 
the earthquake, the reservoir was about 16 feet 
below the crest. Despite the questionable 
materials left within it, the dam perfor111ed well 
during the earthquake. The only damage observed 
was minor cracking at the crest which became 
obscurred during the rains which followed a few 
days aft er the earthquake. 
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The good performance is particularly surprisin 
due to the presence of the sandy and silt 
hydraulic fill left in place beneath the 195 
repair trench. Piezometers indicated that thes 
soils were saturated prior to the earthquake 
Penetration tests made during a 198 
investigation {although subsequently quest ione 
for inaccuracies due to borehole flui 
pressures) indicated that these soils exist wit 
relative densities of 45 percent or less. 1 
addition, borings made during the 198 
investiqation i ndicated substantial voids withi 
the timber crib zo.ne. 
Although the dam did well d uring the 1989 Lam 
Prieta Earthquake, higher accelerations ar 
though t possible for the site from fau l ts close 
than the San Andreas. Consequently, the owne 
is expected to have a seismic stabilit· 
evaluation performed in the near future. · 
Leroy Anderson Dam 
Leroy Anderson Dam is a 235-foot dam locate• 
about 13 miles from the fault rupture associate, 
with the 1989 Lama Prieta Earthquake. The da: 
was completed in 1950 and is composed of centr a : 
c·ore zones of compacted sandy clay and claye: 
s a nd that are flanked by shell zones o · 
rockfill. The rockfill was placed by end· 
dumping from trucks into 10 t o 25-foot-hig! 
lifts that were compacted by sluicing with wate: 
(see Figure 14). 
The dam is well instrumented with seismograph1 
wh ich indicated a peak horizontal groun< 
acceleration of about 0.26g at the base togethe1 
with a crest horizontal peak acceleration o : 
about 0. 4 3g. There were several othe1 
instruments placed on the crest and downstrea;· 
face which recorded peak horizonta: 
accelerations of between 0 .lg and 0. 4g (se• 
Figure 14). 
Leroy Anderson Dam also experienced stronc 
shaking during the 1984 Morgan Hill Earthquake 
(M=6.2) wi th a peak acceleration at the 
downstream toe of about 0.41g and c 
corresponding horizontal peak acceleration of 
0 . 63g at the crest. Although of larger pea]( 
amplitude, the duration of strong shaking was 
less during the 1984 earthquake than during thF 
1989 event . 
Both the 1984 a n 1989 earthquakes producec 
similar patterns of distress in the embankment. 
In J.984, extensive, but shallow, longitudinal 
cracks for111ed in the compacted fill along the 
crest approximately overlying the contacts 
between the rockfill shell and c l ayey core 
zones. These cracks were generally less than an 
inch in width and corresponded to settlement of 
the shel l zones relative to the core zones. 
~etween 1984 and 1989, the embankment crest was 
raised about 5 feet and a small sliver fill was 
placed in a localized area on the downstream 
edge of the crest . This sliver fill was placed 
to provide space for an instrumentation vault . 
The main damage following the 1989 earthquake 
was a longitudinal crack on the downstream half 
of the crest approximately above the contact 
between the shell and core zones . In addition 
the longitudinal cracking extended to and around 
the base of the vault on top of the sliver fill. 
These cracks were generally less than 3/4 of an 
inch in width. A second set of longitudinal 
cracks was a:lso observed at both edges of the 
~aved crest road along the bases of guard rail 
posts. This latter set of cracks were as much 
as 1.5 inches in width. 
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ANDERSON DAM 'r· . 
Figure 14: 
{a) Plan View 
40' 
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ANDERSON DAM 
(b) Maximum Cross SedioD 
Plan View and Cross Section of Leroy 
Anderson Dam {from Seed et al, 1990) 
The maximum settlements of crest monuments 
following the Lorna Prieta earthquake were less 
than 0. 04 feet on the ups team edge and about 
0. 13 feet on the downstream edge. Only minor 
repairs were considered necessary for the crest 
cracking (R. L. Volpe and Associates, 1990a). 
san Justo Dam 
San Justo Dam is a 135-foot dam located about 17 
miles from the fault rupture associated with the 
1989 Lorna Prieta Earthquake (see Figure 2). The 
dam is relatively new and was completed in 1986 
as a zoned earth and rockfill embankment (see 
Figures 15 and 16). Although no significant 
damage was observed following the earthquake, 
this dam provides an outstanding opportunity to 
investigate the dynamic response characteristics 
of earth dams. This is because the dam is 
heavily instrumented with strong motion sensors. 
Furthermore, one of the sensors was embedded in 
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a borehole approximately 62 feet below the crest 
of the dam, providing the only known opportunity 
to calibrate response analyses with the internal 
motions of an embankment dam. 
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Figure 15: Plan View of San Justo Dam 
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Figure 16: Cross Sections of san Justo Dam 
Figures 15 and 16 illustrate the peak 
accelerations recorded at different locations at 
San Justo Dam. The transverse horizontal peak 
acceleration recorded at the downstream toe was 
about 0.26g; whereas, the transverse horizontal 
peak acceleration recorded at the crest was 
about 0.50g, an amplification of about a factor 
of 2. However, the interior sensor at about the 
mid-height of the dam indicated a transverse 
peak acceleration of only about 0.27g. This 
would suggest that most of the transverse 
amplification took place within the upper half 
of the dam. 
The strong motion sensors also suggest that 
longitudinal peak horizontal accelerations were 
amplified by about a factor of 2, but that the 
longitudinal amplification took place in the 
lower half of the embankment. 
Hawkins Dam 
Hawkins Dam is a 72-foot-high hydraulic fill 
that was built slowly between 1912 and 1931. It 
is located about 21 miles from the fault rupture 
associated with the 1989 Lorna Prieta Earthquake 
and it probably experienced peak horizontal 
ground accelerations of about 0.2g to 0.25g (see 
Figure 2). The reservoir was empty at the time 
of the earthquake and experienced minor 
longitudinal cracking on the crest and on the 
upstream slope. 
The dam was investigated by Lee and Roth (1977) 
during the performance of a seismic stability 
evaluation. This study found that the dam was 
generally composed of a fairly homogeneous and 
impervious gravel-sand-clay fill, together with 
a small zone of homogeneous clay in the central 
portion of the embankment (see Figure 17). 
Because it was built slowly with only about 2 to 
3 feet of material added each year, there was 
time for consolidation and dessication of the 
fill to take place. The study by Lee and Roth (1977) concluded that the dam would have 
adequate stability for even a magnitude 8+ 
earthquake on the san Andreas Fault. 
Unfortunately, because the reservoir was empty 
at the time of the Lorna Prieta Earthquake, an 
opportunity to verify this evaluation was lost. 
0 50 feet SCALE 
Figure 17: Cross Section of Hawkins Dam 
(from Lee and Roth, 1977) 






to the dams located 
the performance of 
greater distances 
close to the 
a few dams 
is also of 
Calaveras Dam is a 210-foot-high hydraulic fill 
dam that was completed in 1925. During 
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construction, it developed a large slide due t 
static liquefaction. Altho~gh the large 
portion of the embankment 1s composed o 
hydraulic fill, the upper portion was built wit 
a rolled clayey core flanked by rockfill shel 
zones. In 1974, a rockfill buttress was adde 
to the upstream slope to increase freeboard an. 
to provide increased stability. 
The dam is located approximately 24 miles fro 
the fault rupture associated with the 1989 Lorn, 
Prieta Earthquake and it probably experience. 
peak ground accelerations between 0.1g and 0.15 (see Figure 1). At the time of the earthquake 
the reservoir was about 70 feet below the cres 
of the dam. 
The dam experienced no significant damage 
Reported incidents consisted of minor changes ir 
piezometers, a temporary 25 to 30 percen 
increase in seepage, and the muddying up o. 
seepage water attributed to a stirring up o. 
silt by the shaking of the earthquake. 
San Luis Dam 
San Luis Dam is a 313-foot-high dam that wa:: 
completed in 1967. It is composed ot 
essentially a homogeneous section of compactec. 
clayey material with internal drains and i~ 
flanked with slope protection zones. In 1981, c 
portion of the upstream slope developed a largE 
slide following a severe drawdown of thE 
reservoir. Although the slide began below thE 
crest, the slide eventually propagated fat 
enough back to take out a portion of the crest. 
The slide was found to involve slopewast 
material left in place in the foundation. ThE 
dam was repaired by leaving the slide material 
largely in place, buttressing the slide with a 
large upstream berm, and rebuilding the crest 
section. 
San Luis Dam is located about 34 miles away from 
the fault rupture associated with the 1989 Lorna 
Prieta Earthquake (see Figure 1). At the time 
of the earthquake, the reservoir was less than 
half full. Strong motion sensors at two 
locations along the downstream toe recorded peak 
horizontal accelerations of 0.06g and o.o~g. 
The corresponding locations on the crest 
recorded peak horizontal accelerations of 0.26g 
and 0.17g. Despite experiencing moderate levels 
of ground motion, the dam experienced no 
significant damage. Two days after the 
earthquake, small longitudinal hairline cracks 
were found on the crest in the vicinity of the 
slide. These cracks appeared to be largely pre-
existing cracks which may have widened slightly 
following the earthquake. Longitudinal hairline 
cracks could also found on the crest at other 
locations. The largest crack was longitudinal 
and had a width of less than 1/4 of an inch. It 
was located near the right abutment where the 
height of fill was only about 5 feet. 
O'Neill Dam 
O'Neill Dam stores a reservoir that serves as 
the forebay to San Luis Dam. It was also 
completed in 1967 and is essentially a 
homogeneous earth dam with an internal 
downstream blanket drain and exterior slope 
protection zones. It has a maximum height of 
about 70 feet (see Figure 18). 
RESERVOIR ELEVATION ON 
OCTOBER 17, 1989 = 221 feet 
CREST ELEVATION 234 feet 
ZONE I 




CLAYEY AND SILTY SANDS, 
SILTS, AND CLAYS. 
Figure 18: Maximum Cross Section of O'Neill Dam 
Recent studies have indicated that the alluvial 
foundation contains in some locations a layer of 
liquefiable sand lying immediately beneath a 
surface clay cap. Corrected Standard 
Penetration Test (SPT) blowcounts in this sand 
layer have been found to be as low as 3 in some 
areas. Because the dam may someday experience a 
peak acceleration as high as 0.55g from a nearby 
6.5 magnitude earthquake, it has been concluded 
that these shallow layers could liquefy and 
result in a failure of the dam. Accordingly, it 
is planned to repair suspect areas by removing 
and replacing the shallow liquefiable sands 
downstream of the dam and to place downstream 
buttresses. 
O'Neill Dam is located about 37 miles from the 
fault rupture associated with the 1989 Lorna 
Prieta Earthquake (see Figure 1). At the time 
of the earthquake, the reservoir was about 13 
feet below the crest of the dam. Strong motion 
sensors recorded a peak horizontal acceleration 
of 0.11g at the downstream toe and values of 
0.14g and 0.15g at two locations on the crest. 
No damage was reported. 
Because of the planned repair to improve seismic 
stability, it was of interest to compare the 
predicted versus actual performance of the 
liquefiable sand layers during the Lorna Prieta 
Earthquake. To this end, the downstream areas 
of two sites having the lowest SPT blowcounts, 
the Station 100 and Station 133 areas, were 
examined to determine the predicted factors of 
safety against the development of liquefaction. 
The first step of this process involved 





Cyclic load resistance 
Cyclic stress ratio required to 
induce liquefaction during a 
Magnitude 7.5 earthquake (from 
SPT correlation developed by 
Seed et al., 1985) 
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correction factor for earthquake 
magnitude - because the Lorna 
Prieta earthquake had such a 
short duration, comparable to 
what is usually assigned a 
magnitude 6.5 event, this factor 
is set at 1.19 (see Seed et al., 
1985) 
Correction factor for high 
confining pressures - because 
the critical layer is less than 
ten feet below the surface 
downstream of the dam, this 
factor is set at 1.00 
Correction factor for sloping 
ground - because the area of 
interest is downstream of the 
dam and the blowcounts are low, 
this factor is set at 1.00 (see 
Seed and Harder, 1990) 
The second step was to estimate the average 
cyclic shear stress imparted by the earthquake. 
This was done using the classic equation 
developed by Seed and Idriss (1970): 
(r/ao') avg 0.65 X X X rd ( 2) 
where: 
(r/ao') avg 
a ' 0 
g 
Average cyclic stress ratio induced 
by the earthquake 
Total stress at depth of interest 
Effective stress at depth of 
interest 
Peak horizontal acceleration at 
the ground surface = ~ 
acceleration of gravity 
Reduction in acceleration at depth, 
set equal to 0.98 for depths of 
7 to 10 feet 
The final step in the process was to calculate a 
factor of safety against triggering 
liquefaction, FL, using the results from 
Equations 1 and 2 as shown below in Equation 3: 




The applica~ion of these equations are 
illustrated 1n Table 5 for the two suspect 
sites. As shown in this table, the calculated 
factors of safety against triggering 
liquefaction are between 1. 2 and 1. 5. These 
predicted factors of safety correspond very well 
with the observation of no damage at this dam. 
Table 5: Predicted Factors of Safety Against 
Triggering Liquefaction at O'Neill Dam 
STATION 100 SITE: 
CRITICAL DEPTH = 9 FEET 
DEPTH TO WATER = 3 FEET 
AVERAGE FINES 
CORRECTED CONTENT "o "o' (r/<10 1 )H=7•5 (r/CT0 ' )L (r/<10 ' >avg FL SPT (N 1 )60 (X) (psf) (psf) 
8 15 1125 
STATION 133 SITE: 
CRITICAL DEPTH = 7.5 FEET 
DEPTH TO WATER = 2 FEET 
AVERAGE FINES 
751 0.135 0.161 0.105 
CORRECTED 
SPT <N 1 )60 
CONTENT a 0 a0 ' (r/a0 ')M=T.S (r/a0 ')L (f'/c:r0 '>avg 
<X) (psf) (psf) 
10 938 594 0.110 o. 131 o. 111 
STRONG MOTIONS RECORDED ON EMBANKMENT DAMS 
1.53 
1.18 
The 1989 Loma Prieta Earthquake provided an 
excellent opportunity to calibrate dynamic 
response techniques. As illustrated in Table 6, 
strong motion records were recorded at eight 
embankment dams. 
Presented in Figure 19 is a plot comparing the 
peak transverse accelerations measured at both 
the base and crest of several earth and rockfill 
dams. These measurements include those made 
during the Loma Prieta earthquake as well as 
those made during previous events. As may be 
observed, the points indicate that at low 
accelerations, the amplification through 
embankment dams is relatively large. However, 
as the peak base accelerations become larger, 
the amount of amplification is relatively low, 
possibly a result of increased damping or 
yielding of embankment materials. Also shown in 
Figure 19 is a tentative upper bound curve. 
This curve should not necessarily be used for 
design purposes, but it may be useful as a 
verification tool in the performance of dynamic 
response analyses. 
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Table 6: Peak Accelerations Measured on Earth 
Dams During the Loma Prieta Earthquak 
I HAX. I PEAK ACCELERATIONS (g) 
DAH I HEIGHT I BASE I ABUT HE NT I 
I (feet> I T I L I v I T I L I v I 
I 205 I . I . I . I .45 I .41 I • 15 I LEXINGTON 
I I . I . I . I . I I . I 
SAN JUSTO* I 135 I .26 I • 16 I . I . I . I . I 
I I .26 I .25 I .17 I .o1 I .08 I .05 I 
LEROY ANDERSON*! 235 I .23 I .18 I • 16 I . I I I 
I I . I . I - I - I - I - I 
I 313 I .04 I .06 I .02 I - I I - I SAN LUIS 
I I .09 I .09 I .03 I - I I - I 
O'NEILL I 70 I .08 I .11 I .06 I - I - I I 
I I - I - I - I I I - I 
MARTINEZ I 54 I .09 I .01 1 .02 I I - I . I 
DEL VALLE I 222 I .04 I .06 I .03 I - I . I - I 
CONTRA LOHA I 88 I I - I - I - I . I - I 
NOTES: * DENOTES THAT OTHER RECORDS ARE AVA! LABLE AT THIS DAH 
T DENOTES TRANSVERSE DIRECTION 
L DENOTES LONGITUDINAL DIRECTION 
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e PREVIOUS EARTHQUAKES 
0.2 
PEAK TRANSVERSE BASE ACCELERATION ( g} 
Figure 19: Comparison of Peak Base and Crest 
Transverse Accelerations Measured a; 
Earth Dams (from Harder et al, 1990: 
CONCLUSIONS 
Several earth dams were subjected to relatively 
strong shakin9 during the 1989 Lema Prieta 
Earthquake and, in general, performed 
satisfactory. One major dam (Austrian) and one 
minor dam (Soda Lake) developed moderate damage. 
A small number of other dams developed minor to 
moderate cracking which required repair. 
A major factor in the good performance of some 
dams was the fact that the reservoirs were 
commonly at less than half their maximum height. 
Consequently, major portions of the embankments 
were not as saturated as they would have been 
during full reservoir condition. Thus, the 1989 
Lema Prieta Earthquake was not the full test of 
these structures. Nevertheless, the performance 
and strong motion data will provide researchers 
with invaluable opportunities to learn more 
about how earth and rockfill dams behave during 
earthquakes. 
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